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In this letter, we report the results of detailed studies on Mn- and Cu-substitution to Fe-site 
of /3-FeSe, namely Mn^Fei-icSeo.ss and CuajFei-^Seo.gs. The results show that with only 10 at% 
Cu-doping the compound becomes a Mott insulator. Detailed temperature dependent structural 
analyses of these Mn- and Cu-substituted compounds show that the structural transition, which is 
associated with the changes in the building block FeSe4 tetrahedron, is essential to the occurrence 
of superconductivity in /3-FeSe. 

PACS numbers: 74.62.Bf, 74.70.Ad, 74.78. Db 
Keywords: /3-phase FeSe, superconductivity 



The iron-pnictide 0,(2,1 11,1 and /3-FeSe su- 
perconductors have become a focus of condensed matter 
research in the past year. In the iron-based superconduc- 
tors, there exists a structural transition at temperature 
(Ts) much higher than the superconducting transition 
point (Tc). At Ts the tetragonal lattice (P4/nmm) dis- 
torts into a lower symmetry monoclinic lattice (P112/n) 
(or orthorhombic with the defined a-b plane rotated 
about 45° with respect to the original lattice). In both 
the LaFeAsO (1111) and BaFe 2 As 2 (122) families it was 
suggested that this phase transition, which is accompa- 
nied with an antiferromagnetic state developed at around 
the same temperature, has to be suppressed either by 
chemical doping or applying external pressure in order 
to observe superconductivity 0, 0, E3, EH E2, EH • How- 
ever, this distortion seems to be indispensable to the su- 
perconductivity in the FeSe (11) compound 0, E3, EH- 
Preliminary Mdssbauer measurements [lj| E3 suggested 
no magnetic ordering developed below Ts and beyond 
Tc in FeSe. Yet, the existence of short-range ordering or 
spin fluctuation could not be totally ruled out. 

In order to further investigate the distortion issue, sub- 
stitutions on Fe sites were studied earlier in 1 1 EH , and 
in the 1111 [H[ and 122 families [H, El, El- Among 
all substituent alternatives, transition metals, especially 
those with unpaired 3d electrons such as Mn, Co, Ni, and 
Cu [2l[ , would be of most interest for their comparable 
ionic sizes to Fe, and the potential to investigate in more 
detail the interplay between magnetism and supercon- 
ductivity, which may also lead to better insight into the 
origin of superconductivity in this class of materials. 

We reported earlier our preliminary results on a series 
of 3d-transition-metal substituted FeSei_j; compounds 
EH. For all 3d-elements (from Ti to Cu) with 10 at% 
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substitution, we found only Mn, Co, Ni, and Cu could re- 
tain the tetragonal structure. We later decided to inves- 
tigate in detail the CurFei-zSeo.ss and Mn^Fei-^Seo.ss 
samples for comparison as we found only 3 atomic percent 
(at%) Cu-doping completely suppressed superconductiv- 
ity, whereas up to 30 at% Mn-substitution only slightly 
decreased the superconducting transition temperature. 

Cu and Mn substituted samples were prepared with 
method similar to that in [15]. TEM analysis was 
performed on powder samples suspended on gold grids 
coated with amorphous carbon in a JEOL 2100F trans- 
mission electron microscope equipped with STEM and 
EDX spectral analytical parts. The X-ray absorption 
near edge spectra were measured with calibrated stan- 
dard iron foil at BL16A NSRRC with energy resolution 
about 0.1 eV. Cell parameters were calculated from the 
experiments performed in synchrotron source (BL12b2 
at SPring 8 and BL13A at NSRRC) with an incident 
beam of wavelength 0.995 A. Neutron powder diffrac- 
tion data were collected using Echidna and Wombat 
diffractometers [221 [23| at the OPAL reactor, Australia. 
The samples were loaded in 6 mm cylindrical vanadium 
cans and data were collected in the temperature range 3- 
300 K using wavelength of 1.885 A. The resistance mea- 
surements were carried out using the standard 4-probe 
method with silver paste for contacts. 

Figure [1] shows the temperature dependence of elec- 
trical resistivity of Cu^Fei-^Seo.ss and Mn^Fei-^Seo.ss 
compounds with various x values. Superconducting tran- 
sition in Cu^Fei-^Seo.ss (Fig. [T^) was observed only in 
samples with x < 0.02. For x > 0.03jthe compound grad- 
ually becomes semiconductor- like [21j. Detailed analysis 
of the temperature dependence of resistivity shows that 
for 10 at% Cu-doping sample the resistivity, as shown in 
the inset of Fig. la, fits well with the 3D Mott variable 
range hopping transport. In contrast, Mn^Fei-^Seo.ss 
(Fig. [T]d) remains metallic and superconducting for x as 
high as 0.3 with only very little variation in Tc, as shown 
in the inset of Fig. [TJd. 
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FIG. 1: (a) Temperature-dependent electrical resistivity (p) 
at zero magnetic field for bulk Cu^Fei-^Seo.ss (x=0, 0.01, 
0.02, 0.03, 0.05 and 0.1) samples. Inset shows the low tem- 
perature resistivity plotted against 1/T 1 / 4 (b) Temperature 
dependence of electrical resistivity for bulk Mn^Fei-zSeo.ss 
(x=0 and 0.1) samples. Inset shows Tc as a function of Mn 
substitution. 



It was surprising that only 3 at% Cu-doping makes the 
sample become an insulator. Figure^ shows a TEM im- 
age of a Cuo.04Feo.96Seo.85 powder sample aligned with 
the c-axis, in a way that the Fe-Fe plane or the Se-Se 
plane is parallel to plane of this page. The selected- 
area electron diffraction shows that, the reflections at 
the (hkl), h+k=2n, h=k=odd positions are quite strong, 
while they are expected to be very weak in FeSe. This 
strongly suggests the successful substitution of Cu into Fe 
site. The STEM/EDX elemental mappings (right panel 
of Fig. [2^,) of the area of interest marked by a red square 
demonstrate no particular feature of copper in the sam- 
ple suggesting homogeneous dispersion of Cu over the 
whole sample. The 2-A scanning electron-probe, which 
is smaller than the Fe-Fe or Se-Se distance, is expected 
to be able to resolve any clustering or non-uniformity in 
the samples. The Fe and Se concentrations are as well 
found uniformly distributed in the sample. 

The XAS Fe K-edge spectra are shown in Fig. [2Jd, 
which are normalized at the photon energy ~100 eV from 
the absorption edge at Eq=-1\Y1 eV (pure Fe). The fea- 
ture marked as al is mainly due to the transition from 
Fe Is to the 4sp state as in the FeSe^ series (24|. A com- 
parison of the spectra of the standard (Fe and FeO) and 
the Cu^Fei-zSeo.ss samples with x=0-0.04 reveals the 
energy shifting at the al regions around 7116.8 eV with 
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FIG. 2: (a) The bright held TEM image and the correspond- 
ing selected-area electron diffraction of Cuo.04Feo.96Seo.85 
powder sample, aligned along the (001) direction revealing 
the 4-fold symmetry of the tetragonal structure. At the right 
side we present the STEM/EDX elemental mappings of the 
area of interest marked by a red square using a 2-A electron- 
probe, which demonstrate the random distribution of copper 
in the sample, (b) The x-ray absorption near-edge structure 
(XANES) in Fe K-edge for CusFer-^Seo.ss (x=0-0.04), Fe 
foil (upper), and FeO (bottom). The inset plots the valence 
states of Fe, which are calculated from the hrst derivative of 
the XANES spectra. 



increasing x value. The results indicate that the varia- 
tion of Fe valence, which is shown in the inset of Fig. 
[2}}, decreases from +1.81 at x=0 to +1.66 at x=0.04. 
The linear shifting of absorption edge gives additional 
support to the random distribution of Cu over Fe, since 
inhomogeneity may give rise to deviations in the absorp- 
tion spectra. In the Fe 4p states [IH, a smooth feature 
from 8 to 15 eV above the edge also showed a tendency 
towards larger areas, suggesting a systematic increase of 
unoccupied states above the Fermi level as more Cu is 
substituted. These results may provide a rational expla- 
nation to the observed resistivity increases, and eventual 
insulating behavior, in higher Cu-doping samples. 

In Fig. f3] we show the schematic crystal structure of 
/5-FeSe and the temperature-dependent neutron powder 
diffraction patterns (NPD) of Cu- and Mn-substituted 
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FIG. 3: (a) Crystal structure of Cu^Fei-zSeo.ss, sketched schematically with Fe in red, Cu in dark yellow and Se in grey 
colour. The pyramids chain and tetrahedron with respect to iron are shown to the right, (b) Temperature dependence of 
NPD for Cuo.01Feo.9Seo. 85 (left) and Cuo.1Feo.9Seo. 85 (right) bulk samples, (c) NPD of Mno.1Feo.9Seo. 85 bulk sample. Similar 
structural change is observed as evidenced by the peak splitting in (220), (221) and (114) reflections at ~85 K. (d) NPD for 
Mno.1Feo.9Seo. 85 at low q range from 100 to 10 K. 



samples. Figure \3jp is the temperature dependence 
of neutron scattering for Cuo.01Feo.9Seo. 85 (left) and 
Cuo.1Feo.9Seo. 85 (right) bulk samples. Peak splitting was 
observed in (220), (221) and (114) reflections at ~60 K 
in the Cuo.01Feo.9Seo. 85 sample. However, no splitting 
could be identified for any peak in Cuo.1Feo.9Seo. 85 sam- 
ple from 140 to 10 K, indicating the absence of any struc- 
tural distortion in the 10 at% Cu-doping samples. On the 
other hand, in the NPD of Mno.1Feo.9Seo. 85 bulk sample, 
Fig. [3b, peak splitting is observed in (220), (221) and 
(114) reflections at ~85 K indicating the onset of struc- 
tural phase transition. This phase transition could be 
described by a structural distortion from tetragonal lat- 
tice (P4/nmm) to monoclinic (P112/n), which is much 
the same as observed in the FeSe ]3,[26| and FeSeo.sTeo.s 
at temperatures below ~100 K Q. Moreover, if view- 
ing along the (110) direction, the lattice that distorts 
from tetragonal to monoclinic does not destroy the mag- 
netic symmetry, allowing superconductivity to occur [8j. 
In the neutron data for Mno.1Feo.9Seo. 85 from 100 to 10 
K, as shown in Fig. [3bl, we observed several Bragg peaks 
at low q range suggesting incommensurate magnetic or- 
dering at q=1.12, 1.33, 1.43, 1.61 and 1.92 A" 1 (where 
q = 4:TTsin(9)/ X). The inset shows the intensity of mag- 
netic reflections in log scale at 25.82° and 28.72° (q=1.43 
A" 1 and 1.61 A -1 ) and indicates the magnetic transition 
at 75 K in Mno.1Feo.9Seo. 85- The details of these observed 
features are currently under intensive investigation. 



Detailed Rietveld refinements of the diffraction data 
gives insight to the Cu substitution effect on the crys- 
tal structure of Cu^Fei-xSeo.ss (x=0-0.05). The lattice 
constants a and c were found slightly modified by Cu 
substitution, as shown in Fig. 2^,. If seen with the tetra- 
hedron shown in Fig. [3^, we found that this modifica- 
tion causes shrinkage in the Fe-Se bond length and slight 
expansion in Fe-Fe bond length (Fig. |4j)), which is ac- 
companied with changes in Se-Fe-Se bond angles (Fig. 
2b). The effects combined leads toward a regular tetra- 
hedron (7=109.28°), i.e., compression of the tetrahedron. 
This hardened bond strength could inhibit the structural 
transition at low temperature. Thus, the low tempera- 
ture structural transition (Ts) was drastically suppressed 
and eventually disappeared when the concentration of Cu 
substitution exceeded 3 at%. 

Our experimental observations can be summarized in 
the structural phase diagram as shown in Fig. QJi for 
Cu^Fei-zSeo.ss and Mn^Fei-^Seo.85- The substitution 
by Cu or Mn on Fe site clearly drives down the struc- 
tural transition temperature Ts, and it also reveals the 
correlation between Ts and Tc. As Ts deceases with 
increasing Cu or Mn substitution, the superconducting 
state is gradually suppressed. It indicates that the driv- 
ing force to the formation of low temperature phase, the 
monoclinic P112/n structure, could be the key for the 
formation of superconductivity in this type of supercon- 
ductors. 
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FIG. 4: (a)-(c) Lattice constants, Fe-Se and Fe-Fe bond 
lengths, Se-Fe-Se bond angles and Tc of CuxFei-^Seo.ss as 
a function of Cu substitution, x. (d) The structural phase 
diagram of Cu^Fei-^Seo.gs and Mn x Fei_a;Seo.85 determined 
from neutron and synchrotron X-ray powder diffraction data, 
and resistivity data. The solid triangles and circles indicate 
the onset of tetragonal to monoclinic structural distortion, 
Ts, and the hollow triangles and circles designate the onset 
of superconductivity, Tc. 



It is worth noting that the low-temperature structural 
distortion is completed by elongation along the (110) di- 
rection of tetragonal cell, which is shown by an arrow in 
Fig. [3^, revealing an one-dimension like pyramid chain 
through Se sites. It is natural to consider that Fermi sur- 



face nesting along the (110) direction could be mediated 
with this anisotropic chain. In this regard, the Fermi 
surface nesting along with phonon softening at proper 
temperatures could be an important driving force for the 
structural distortion. Further measurements on single 
crystals should be conducted before making any definite 
conclusion. 

In summary we report the strong suppression of su- 
perconductivity by Cu substitution in the FeSe system. 
In comparison with Mn substitution, we found that the 
inhibited tetragonal to monoclinic structural phase tran- 
sition should be responsible for the suppression of su- 
perconducting transition. Samples with Cu substitution 
over 3 at% show no structural distortion and no super- 
conductivity down to 2 K. Detailed structural analyses 
suggest that for the FeSe system the modification of 
FeSe4 tetrahedron could be essential to the structural 
phase transition and thus to the origin of superconduc- 
tivity. 



Acknowledgments 

The authors acknowledge Dr. H.C. Su and Dr. 
C.H. Lee of the National Tsing-Hua University for their 
support on the neutron experiments. This work was 
partially supported by the National Science Council 
of Taiwan. We also acknowledge the National Syn- 
chrotron Research Radiation Centre in Taiwan and the 
US AFOSR/AOARD for their financial support. 



J. Amer. Chem. Soc. 128, 10012 



J. Amer. Chem. Soc. 130, 3296 



[1] Y. Kamihara et al., 

(2006). 
[2] Y. Kamihara et al.. 

(2008). 

[3] H. Takahashi et al., Nature 453, 376 (2008). 

[4] X. H. Chen et al., Nature 453, 761 (2008). 

[5] J. Zhao et al., Nature Mat. 7, 953 (2008). 

[6] M. Rotter et al., Phys. Rev. Lett. 101, 107006 (2008). 

[7] F.-C. Hsu et al., Proc. Natl. Acad. Sci. 105, 14262 (2008). 

[8] K.-W. Yeh et al., Europhys. Lett. 84, 37002 (2008). 

[9] A. J. Drew et al., Nature Mat. 8, 310 (2009). 
[10] C. de la Cruz et al, Nature 453, 899 (2008). 
[11] T. Nomura et al., Supercond. Sci. Technol. 21, 125028 
(2008). 

[12] H. Luetkens et al., Nature Mat. 8, 305 (2009). 
[13] S. A. J. Kimber et al., Nature Mat. 8, 471 (2009). 



[14 
[15 
[16 

[IT 
[18 
[19 
[20 
[21 
[22 
[23 
[24 
[25 
[26 



K.-W. Yeh et al., J. Phys. Soc. Jpn. 77SC, 19 (2008). 

M. K. Wu et al., Physica C 469, 340 (2009). 

T. M. McQueen et al., Phys. Rev. B 79, 014522 (2009). 

T. M. McQueen et al., arXiv:0905.1065 (2009). 

S. Matsuishi et al., New J. Phys. 11, 025012 (2009). 

A. S. Sefat et al., Phys. Rev. Lett. 101, 117004 (2008). 

J. H. Chu et al., Phys. Rev. B 79, 014506 (2009). 

A. J. Williams et al., arXiv:0905.1875 (2009). 

K. D. Liss et al., Physica B 385-386, 1010 (2006). 

A. J. Studer et al., Physica B 385-386, 1013 (2006). 

C. L. Chen et al., unpublished (2009). 

A. Kisiel et al., J. Alloys and Compounds 286, 61 (1999). 

B. H. Mok et al., Crystal Growth and Design 9, 3260 
(2009). 



